In this paper, we investigate pre-operations intended to adapt one to hands of controlled sizes when experiencing differently sized hands. Pre-operations are categorized into four types based on the relationship between a hand and an object. To quantify the degree of adaptation to differently sized hands, an index, called "Degree Of Immersion (DOI)," is defined. The index indicates the appropriateness of the observed behavior to the presented hand size. The DOI was measured to compare pre-operations when changing hands in size variously. The experimental comparisons led to two main points: (i) no pre-operation is required with decreasing hand size due to easy adaptation, (ii) a preoperation, touching and controlling an object in position, is sufficiently effective for adapting larger hands. These points are important for design aid applications to assess usability of designing products by various users.
Introduction
Early assessment of products is a very important step in product design and manufacture. There are two main approaches to support the evaluation of the usability of products: (i) computer simulation using a "digital human" [1] [2] [3] , (ii) virtual/augmented prototyping [4] [5] [6] . A digital human is a human model to assess the usability of products in computer simulations; it replaces a real examination with a prototype of the product by sample users. The use of a digital human is useful to reduce assessment time and cost. Virtual/augmented prototyping provides physical experiences with a special mock-up having a part of product functions which can be controlled by designers. This leads to easy tuning of the functions in product design with a few test production.
In usability evaluations, especially for hand-held products, such as mobile phones, remote controls, and digital cameras, the following two points are essential: (i) the various sizes of user's hands have to be considered. (ii) products must be tested by hand touch and manipulation. These are because hands have many degrees of freedom of motion and highly sensitive sensors in small space. Digital human and virtual/augmented prototyping can aid with the first and the second points respectively.
To deal with these points simultaneously, a system to produce simulated experiences of differently sized hands has been proposed [7] . This system presents scaled hands in an environment which keeps its visual size by adjusting optical scaling and the actual sizes of analogous objects (Fig. 1) . The simulated experience of differently sized hands allows designers to estimate other's usability by touching a designing product with various hand sizes, including two points which are useful as design aid. The first one is a subjective point, namely, that the hand size is recognized as different from one's own according to Vol.14 No. 7, 2010 Journal of Advanced Computational Intelligence 793 and Intelligent Informatics the presented hand size. This gives designers an opportunity to become aware of the difference in hand size between one's own and others'. The second one is a behavioral point, namely, that the grasping behavior is appropriate for the presented hand size. This is effective for designers to find the behavioral patterns of others. Through the experiences of differently sized hands, designers can find bad usability of a designing product and redesign the product as user-friendly.
In a previous study [7] , a button-pushing operation, intended for adaptation to presented hand size by obtaining plentiful sensory information, is required every time before experiencing differently sized hands. This operation has some difficulties from the viewpoint of design aid. The operation requires a long time because its movement is complex, which makes the total time of usability evaluation too long because it is necessary every time due to the various sizes of user's hands. Additionally, this operation requires special objects which number increases in proportion to the number of hand sizes for the assessment. It would be ideal if this operation were not necessary or if a simple one were available. However, there is no knowledge whether the operation is inevitable for the simulated experience and no discussion for how to decide the operation.
In this paper, we investigate the role of the operation in terms of its category in experiencing differently sized hands when changing hand sizes, and label an operation, intended for adaptation to presented hand size, as preoperation. Fig. 2 illustrates the pre-operation for experiencing hand size B after experiencing hand size A. This investigation will be fundamental to the way to determine efficient pre-operation for design aid of usability evaluation, relating to adaptational characteristic of experiencing differently sized hands.
The rest of this paper is organized as follows. Section 2 reviews the method for providing experiences of differently sized hands and categorizes types of pre-operations based on the relationship between hands and objects. Section 3 contains a definition of an index for measuring the degree of adaptation to the experiences. In Sections 4 and 5, two experiments were examined to clarify whether pre-operations are inevitable before the experiences when changing hand sizes variously and which type of preoperation is effective for the adaptation. Next, Section 6 is a discussion of the experimental results in the previous sections from the viewpoint of design aid and body schema [8] . Finally, Section 7 is the conclusion.
Method for Experiences of Differently Sized Hands

Method
This section reviews the method for providing simulated experiences of differently sized hands, according to a previous study [7] .
The simulated experience includes the sensation of hand size as being different from one's actual hand size and change in behavior, which occurs when hands of various sizes are presented in an environment that appears to be of constant size. A controlled view of hands and objects is presented to subjects through an optical system with appropriate scaling. The top of Fig. 1 labeled as "subject's view" is an example of the controlled view. To make this view, the scaling rate of the optical system is adjusted to present hands of the desired size, while the sizes of the objects used in this condition are varied inversely with the magnification of the optical system. In case of experiencing a small hand, a hand is presented through the scaled-down optical system with analogously large objects. Figure 3 shows the appearance of the experimental setup to provide the simulated experience of differently sized hands. The system consists of analogous objects, a camera with a zoom lens (Sony DFW-VL500), a computer, a display, and two mirrors; it realizes visual scaling only for the hands.
Implementation
Consistency from the sensory viewpoint, especially regarding vision and somatic sensation [9] [10] [11] , is essential for the experience. The minimal visual delay of the system is 38 ms, which is due to hardware constraints. This delay is allowable regarding the consistency.
Pre-Operation
A pre-operation is performed before experiencing differently sized hands, which is intended to adapt one to the hands (Fig. 2) . The study [7] employs a button-pushing task as a pre-operation. The task involves pushing numbered buttons on a handheld object, such as a remote control or a mobile phone. A four-digit number is entered five times by pushing a combination of buttons twenty times. This pre-operation gives plentiful sensory information to the operator, which is intended for adaption to experiences of differently sized hands; this pre-operation has some complexity and requires a long time to perform.
In the paper, pre-operations are classified into four categories based on the following three criteria:
• Touching an object with a hand movement These criteria are derived from relationships between hands and objects focusing on the motion and contact state. Table 1 shows the relation between these criteria and the four following categories of pre-operations.
• Category 1: moving the hand only without an object.
• Category 2: touching an object while controlling the hand position (e.g., switch a light on by pushing the button).
• Category 3: controlling the position of an object in hand (e.g., holding and swinging a tennis racket).
• Category 4: moving the finger to operate an object while controlling its position in the hand (e.g., pressing buttons on a remote control).
The first category is characterized by hand movement alone, while the remaining categories are defined by the relationship of the hand and an object to touch. Categories 3 and 4 include controlling the position of an object in the hand, and the difference is the change in the contact state. In these categories, the amount and richness of sensory information obtained through pre-operations increases according to the category number and the complexity of the task. This indicates that a pre-operation in a category with a lower number will be simpler and easier. The pre-operation of button-pushing described above belongs to category 4, which has the highest complexity. This pre-operation is known as sufficiently effective for the simulated experiences of differently sized hands. However, there is no information whether the preoperation is inescapable for the experiences. From the viewpoint of design aid, the pre-operation is adjunctive operation relative to product assessment based on the experiences. Therefore, it would be ideal if this operation were not necessary or if a simple one were available.
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Measurement Index for the Degree of Adaptation to Differently Sized Hands
This section defines an index for measuring the degree of adaptation to differently sized hands, which is fundamental to the investigation of pre-operations and used in the following experimental sections.
The index is quantified on the basis of behavioral patterns determined by hand sizes because it is impossible to measure the adaptive strength directly. The size of actually experienced hand can be obtained indirectly from observed behavioral patterns if the probability of each behavioral pattern derived from hand sizes are given.
To specify the index, the behavior of grasping equilateral triangular prisms is evaluated. According to [12] , grasp strategies are determined by the relationship between the hand size and the size of an equilateral triangular prism and are classified into four grasp patterns. The grasp strategy depending on hand size can be obtained appropriately using the method shown in Section 2 [7] . Additionally, the probability of observed grasp patterns has already known when adapting to the presented sized hand totally. Using this information, the probability of experiencing a specific hand size can be calculated from the observed grasp pattern and prism size.
When an equilateral triangular prism is v j and the observed grasp pattern is g k , the probability of experiencing the hand size h i can be calculated based on the Bayes' theorem as the following equation.
where p(g k |v j , h i ) is already known as discussed previously and p(v j , h l ) is determined by normalizing the frequency of pair of v j and h l , which is from the experimental condition.
In the paper, Eq. (1) is labeled as "Degree Of Immersion (DOI)," and the effect of the pre-operation is investigated on the basis of this index.
In the following two experiments, the numbers of h i and v j are both three, which are corresponding to hand sizes of Small, Normal, and Large, and the number of g k is four, which are corresponding to grasp patterns reported in [12] . 
Experiment on the Transition of the Presented Hand Size
This section examines the necessity of pre-operations, i.e., whether any pre-operation is inevitable for adaptation to the experience of differently sized hands in the case of various transitions of presented hand size.
In the various transitions, the DOI is compared between conditions with and without the pre-operation which is known to be sufficiently effective for the simulated experience [7] . If there is a difference in the comparison, the pre-operation is essential for the experience; otherwise, it is not needed.
In both cases of conditions with or without preoperation, the patterns of grasping equilateral triangular prisms are measured when changing the presented hand size to quantify pre-operation's effect as DOI. These conditions are compared from the viewpoint of the DOI calculated using the observed grasp patterns.
Condition and Procedure
The scaling rates of the presented hand sizes are 0.67, 1.00, and 1.20, which are labeled Small, Normal, and Large, respectively. These rates were determined according to the hand lengths of actual subjects [13, 14] as all of the existing hand sizes is included in the range which is from Small to Large.
The transitional conditions of the presented hand size were determined as the couples of these scaling rates. Thus there are six transition conditions in total, as shown in Table 2 . For example, the condition denoted by NS in this table means "to present a Small hand after experiencing Normal hand."
Ten right-handed male subjects participated in this experiment. To cancel the order effect of transitional conditions, five subjects were assigned the order "
(i)-(ii)-(iii)-(iv)-(v)-(vi)" while the other five were assigned the order "(iv)-(v)-(vi)-(i)-(ii)-(iii)."
In each experimental condition, the subjects were asked to perform the following tasks.
• Perform the button-pushing task described in Section 2 by the hand size before the transition. 
Degree of immersion
Transitional conditions of hand size without with Fig. 4 . Mean degree of immersion for all experimental conditions.
• Perform this task by the hand size after the transition if the experimental condition has a pre-operation.
• Grasp equilateral triangular prisms. This grasp was recorded using a video camera to calculate the DOI in this experimental condition. Figure 4 shows the mean DOI of post-transitional hand size for all experimental conditions. In this figure, the result shows a tendency for the DOI of the conditions with the pre-operation to be higher.
Results
To prove the effects of the two factors, i.e., preoperation and transition of the presented hand size, on the DOI, we used a two-way repeated measures ANOVA. The result, which is shown in Table 3 , shows that the main effects of the two factors were confirmed but there was no interaction between them. According to this result, pre-operation is effective to become familiar with the presented sized hand.
To examine the main effect of the transition of hand size on DOI, multiple comparisons between the transitional conditions of the presented hand size were performed. The results are shown in Fig. 5 along with the mean DOI. The significant differences observed among the transitional conditions show that there are various difficulties in becoming familiar with the presented hand in terms of the transition regardless of the use of the preoperation.
These results present the possibility of the different effect of pre-operation about transitional directions. Based on the transitional directions, the conditions shown in Table 2 can be divided into two categories, which are labeled Shrink and Enlarge. Fig. 6 shows DOI for conditions with or without the pre-operation and transitional directions with the results of multiple comparisons. In the case without the pre-operation, there was a significant difference in the DOI for transitional direction, but there was no significant difference in the DOI in the case with the pre-operation. Therefore, these results show that the Vol.14 No. 7, 2010 Journal of Advanced Computational Intelligence 797 and Intelligent Informatics effect of pre-operation on the simulated experience of differently sized hands is asymmetric in terms of the transitional direction.
Experiment on the Category of Pre-Operation
In this section, we report the results of an investigation into the types of pre-operations that are effective for different-sized hands. This investigation focuses on the experience when increasing hand size because previous experimental results have shown that a pre-operation is required for this case but not for the case of a decreasing hand size. Four types of pre-operations based on the classification described in Section 2 are compared with the pre-operation known to be sufficiently effective for the adaptation to the simulated experiences by using the index of DOI. If there is a pre-operation having the same DOI as the effective pre-operation, it will be a substitution as a simpler pre-operation for the adaptation to a larger hand.
Condition and Procedure
DOI corresponding to the following five pre-operations are measured when increasing hand size.
The pre-operations employed in this experiment are determined by the classification shown in Section 2. Their details are reported below and shown in Figs. 7-10.
• C-1: Clasp and unclasp one's hands three times (Fig. 7 ).
• C-2: Touch the top of a cylinder only once without grasping (Fig. 8 ).
• C-3: Grasp and rotate a cylinder (Fig. 9) . Fig. 9 . C-3 pre-operation. Fig. 10 . C-4 pre-operation.
• C-4-1: Pushing numbered buttons on an object in hand corresponding to a four-digit number one time (Fig. 10 ).
• C-4-2: Pushing numbered buttons on an object in hand corresponding to a four-digit number five times (Fig. 10) .
The number attached to these indices indicates the relative complexity of the pre-operation in view of design aid applications. In this sense, a pre-operation should be simple and not time-consuming for the main purpose of assessing designed products. Regarding the sensory information related to adaptation to different-sized hands, the number attached represents the richness of the sensory experience. Therefore, there is a trade-off between simplicity and the sensory richness of pre-operation.
Pre-operation C-4-2 is known to be sufficiently effective for adaptation to larger hands. If the other preoperation does not have different DOI from C-4-2, it will be regarded as a useful pre-operation from the viewpoint of design aid. This experiment investigates an effective pre-operation by comparing C-4-2 with other preoperations.
For each pre-operation condition, the sampling number is fifteen, i.e., five subjects and three transitional conditions of hand size. These subjects are different from the subjects in the previous experiment.
This sampling number is decided on the basis of the facts that there is no significant difference between within-subjects variance and between-subjects variance in a differently sized hand experience and there is no significant difference between the transitional conditions regarding increasing the hand size, as shown in Fig. 5 .
The scaling rates of the presented hand sizes are 0.67, 1.00, and 1.20, which are labeled Small, Normal, and Large, respectively. These rates were determined according to the hand lengths of actual subjects [13, 14] .
The transitional conditions of the presented hand size were determined as the couples of these scaling rates:
• from Normal to Large,
• from Small to Normal,
• from Small to Large.
In each pre-operation condition, the subjects were asked to perform the following tasks.
• Perform the button-pushing task described in Section 2 by the hand size before the transition.
• Grasp equilateral triangular prisms. This grasp was recorded using a video camera to calculate the DOI in this experimental condition.
The order of pre-operations is decided randomly for each subject. Figure 11 shows the experimental results of the mean DOI for conditions of pre-operations with multiple comparisons by the Wilcoxon signed-rank test which is employed to compare multiple means of DOI. In this figure, significant differences are confirmed between C-1 and C-4-2 and between C-2 and C-4-2. This means that pre-operations C-1 and C-2 are insufficient for adaptation to larger hands. Therefore, controlling the position of an object by grasping is essential in order to become familiar with the simulated experience of differently sized hands.
Results
Discussion
The following are statistical summaries of the experimental results presented above.
• According to the results shown in Section 4, no preoperation is needed when decreasing hand size.
• According to the results shown in Section 5, preoperation C-3, which is the behavior of touching and controlling the position of an object, results in effective adaptation to a larger hand.
From the viewpoint of design aid applications, preoperation can be skipped or simplified before the assessment of design products. This knowledge is very important for effective assessments for the following two reasons; (i) time savings for pre-operation, and (ii) no need to prepare complicated objects for pre-operation.
In general, the design process requires many assessments for iterative modification and various users. Since pre-operation is required before every assessment, saving time for pre-operation can influence the total assessment time. The number of objects for pre-operation is dependent on the number of hand sizes assessed. The number of hand sizes assessed can be easily increased because of (i) time savings and (ii) ease to prepare objects for preoperation.
The above summaries about experimental results can be considered from other viewpoint of body schema [8] . In cognitive science, the body schema is defined as a model to control one's own body and to recognize its shape and pose. This body schema is deformable and flexible, and is updated in proportion as body change like growing and injury [15, 16] , sensory illusion [10] , and tool use [11] .
Adaptation to differently sized hands can be regarded as updating of a body schema by performing a preoperation in a scaling environment in the sense that the observed behavioral strategy is changed after it. Iriki et al. have reported that a body schema is updated by autokinesia with a tool use [11] , and all pre-operation dealt with in this paper are autokinesia.
The experimental result that smaller hand size is easier to experience than larger hand size can be considered as that people had a body schema for smaller hand when they were young age.
A body schema is effectively updated by autokinesia [11, 15, 16] and tactile sense with synchronous visual sense [9, 10] . This knowledge is consistent with the experimental result in Section 5 except for pre-operation C-1 and C-2. Pre-operation C-1, closing and opening one's hand without holding an object, is similar to the movement described in other research [15, 16] , but the movement time of pre-operation C-1 is much shorter than that noted in such research. Pre-operation C-2, touching the top of a cylinder only once without grasping, is different from that referred to in other research [9, 10] regarding the touch frequency.
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Conclusion
This paper investigated the effect of pre-operation on the experience of differently sized hands by classifying pre-operations on the basis of the relationship between a hand and an object. To measure this effect, the index of the degree of immersion into this experience was defined as the probability of observing behavior appropriate to a controlled size of the hand. The experimental comparison of the conditions with or without pre-operation shows that the pre-operation is important for adaptation to the presented hands, especially larger-sized hands. The experimental result shows that behavior of touching and controlling the position of an object is an effective preoperation for design aid applications. Our future work is to find optimal pre-operations for specific hand-held products.
